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All-Optical Space Switches with Gain and Principally Ideal Extinction Ratios
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Abstract-Asymmetric Mach-Zehnder interferometer (MZI) configurations are proposed to build all-optical space switches with gain and principally ideal extinction ratios. Actually, three asymmetries in MZI configurations with semiconductor optical amplifiers (SOA's) on their arms are discussed. The asymmetries in the all-optical switches are necessary to overcome the extinction ratio limitations that are due to the disturbing gain changes that arise when control signals are introduced into the SOA's to induce the necessary refractive index change for switching. Starting from a generic MZI configuration with SOA's on the arms, a description in terms of transmission matrices is used and applied to identify 122 and 222 all-optical switch configurations with high on-state transmissions and close to ideally large extinction ratios. The theoretical predictions are verified and found to be in excellent agreement with experiments for a switch with symmetric MZI splitters in a monolithically integrated InP waveguide version that allows operation with equally or unequally biased SOA's.
Index Terms-All-optical, extinction ratios, light-activated switches, on-off control, optical switches, semiconductor optical amplifiers.
I. INTRODUCTION
F UTURE high-capacity fiber-optical communication networks based on optical time-division multiplexed and wavelength-division multiplexed systems require high-speed add-drop multiplexers, demultiplexers, and switches with high extinction ratios and gain. As electronics encounter difficulties at high speeds, optically controlled components are of interest. Indeed, high-speed switching, multiplexing, and demultiplexing of a data signal with a control signal have been demonstrated with optically controlled semiconductor optical amplifiers (SOA's) providing not only the necessary nonlinearity for switching but also gain. SOA's have been used in fiber loops [1] and in Mach-Zehnder interferometer (MZI) configurations. MZI's with optical nonlinearities, both passive [2] and active (MZI-SOA) [3] have demonstrated picosecond speeds. An advantage of the MZI-SOA version is that it allows for monolithic integration rendering the switches stable and compact [4] , [5] . In these MZI-SOA all-optical switches the optical control signals are introduced onto one arm of the MZI to deplete the carriers in the corresponding SOA. This causes a gain saturation and also a refractive index change which is used for switching. When the control signal is turned on the data signal is switched from the cross into the bar state. The high-speed capabilities are based on the fast carrier depletion times, whereas the carrier relaxation times are a limiting parameter. Ways to overcome this limit were found by operating with two control pulses [2] , [6] or by spatially displacing the SOA's [3] , [5] . However, in symmetric configurations, the on-off ratios in the nonswitched state and in the switched state are not equal. In the switched state, the "off" is not optimal due to unequal gain in the two SOA's. To be practically useful, all-optical switches will need improved and balanced extinction ratios. Two different versions of all-optical switches that overcome these extinction ratio limitations have recently been proposed or demonstrated. The improvements were obtained by optimizing both the bias current of the SOA's and the phases in the two arms of the MZI [7] or, alternatively, by using two asymmetric splitters with reciprocal splitting ratios [8] , [9] . This paper, after presenting MZI-SOA all-optical multiplexer, demultiplexers switches, and their capabilities in more detail, will analyze modifications which improve the extinction ratios. Three MZI-SOA configurations are described, discussed, and compared. Configurations with unequally biased SOA's (A), asymmetric splitters (B1) and (B2), and two pairs of asymmetrically arranged SOA's having different alphafactors each (C) are presented. The analysis allows us to introduce new 1 2 and 2 2-all-optical switches (type B1 and C). We perform experiments to confirm the model and give design criteria for the different configurations.
The inequality of the output extinction ratios for a basic symmetric MZI-SOA switch is shown in Section II. The formalism which describes the physics of all-optical switches is presented in Section III. It will be used in Section IV to find the new structures and the operation conditions with the best extinction ratios. In the end we compare the theory with experiments. The design tolerances imposed by the structures are discussed and compared in the Appendix.
II. BASIC MZI-SOA ALL-OPTICAL SWITCH
At first, a symmetric MZI-SOA all-optical switch is considered and the inequality of the output extinction ratios is discussed. In Fig. 1 , we have depicted a symmetric MZI switch in the nonswitched and switched states. The MZI switch comprises two 50 : 50 splitters, two SOA's (SOA1 and SOA2) and two couplers (C) to introduce the control signal into the 0018-9197/98$10.00 © 1998 IEEE P C , the data signal is directed to the cross port. Experimentally an almost ideal extinction of 29 dB is found (see also Fig. 8 ). The phase shift of , which is necessary to switch the signal into the bar output, is provided by the control signal coupled into SOA1 through coupler C. However, since the gain in SOA1 changes, while the gain of SOA2 remains, the "off" in Px is not optimal and the extinction ratio is reduced to 13 dB.
SOA section on the MZI arms. The SOA's are equally biased to provide an identical gain each. In the nonswitched state, when the control signal is absent, the input signal is directed toward its cross port , supposing that the phase relations are correctly adjusted. The extinction ratio (the power in the switched-off output guide divided by the power in the switched-on output guide) for this state would be ideally large, were it not for imperfections. The extinction ratio of 29 dB in Fig. 1(b) refers to the value attained in the experiment of Section V. In the switched state, an optical control signal saturates SOA1 and, as a consequence, induces a gain and refractive index change. A data signal passing through the MZI experiences the phase shift and is redirected from the cross output port to the bar output port . However, since the gain in SOA1 changes while the gain of SOA2 remains unchanged, the "off" at the port is not optimal. In the experiment, we find a reduced extinction ratio of 13 dB. To obtain an all-optical MZI-SOA switch with equal extinction ratios in its different states with and without a control signal, we have to symmetrize the extinction ratios of the switch. This can be achieved by reducing the current supply of SOA2 which is not influenced by the control signal . With the new current settings, we achieve the gain difference of the nonswitched and switched states before the second 50 : 50 splitter becomes identical. Subsequently, balanced extinction ratios for both states attaining 20 dB are reached. We mention that this unequally biasing of an MZI-SOA all-optical switch requires additional phase-shifting to compensate the undesired phase shifts that occur when differently biasing the SOA's.
The basic MZI-SOA demonstrated the need of introducing asymmetries (unequally biasing) to improve the performance Fig. 2 . Generalized MZI-SOA all-optical switch with phase shifters to adapt phase-shift offsets and splitters S A and S B that allow asymmetric splitting ratios. Depending on the phase relations in the MZI-arms, the data signal P in;1 is mapped onto the cross P X; 1 and bar-output guide P =; 1 and P in;2 is mapped onto its respective cross P X; 2 and bar-output guides P =; 2 . The phase relation within the MZI arms is changed when a control signal P C1 and/or P C2 is introduced through the couplers C into SOA1 and/or SOA2, respectively. of the switch. In analogy, we can introduce other asymmetries to improve the switch. A 1 2 all-optical switch with principally ideal extinction ratios in both outputs is obtained by allowing for unequally biased SOA's and asymmetric splitters in the MZI configuration (Section IV-B). A 2 2 switch with ideal extinction ratios for data signals from both inputs into both outputs is obtained with an additional pair of amplifiers asymmetrically arranged in the MZI configuration (Section IV-C).
III. ANALYSIS

A. Configuration
A generalized MZI-SOA all-optical switch, encompassing all types of all-optical switches that are discussed, is given in Fig. 2 Fig. 2 can be used with a zeroth-order mode control signal, but also in the dual-order mode configuration with a first-order mode control signal [9] , [10] .
B. Model
We develop the analysis for the generalized MZI-SOA alloptical switch of Fig. 2 .
To describe the switch of Fig. 2 , we use a notation with 2 2 matrices [11] . The total transfer matrix for the field amplitude of a data signal in the nonswitched state, when no control signal is applied, and in the switched state, when or is applied, is given by (1) where the first and last matrices give the 2 2 multimode interference (MMI) splitters and with varying bartransmission intensity probabilities and . They are related to waves at the optimum wavelength of the splitters propagating in the positive direction . The definition of the bar power-transmission probabilities is illustrated in Fig. 3 . The phase relations of MMI splitters are discussed in [12] - [14] . The second matrix describes the phase shifts induced from the phase shifters. and are the static phase offset on MZI arm 1 and 2, respectively. The third matrix gives the single-pass gain , and the induced phase shifts , that the data signal experiences when it passes SOA1 and SOA2. with 1, 2 are the induced phase shift in the SOA's due to unequally biasing the offset currents (contribution ) and due to the carrier depletion effect from a control signal (contribution ), respectively. is a coupling constant, taking into account the coupling efficiencies of the couplers . Without restriction to generality, we set 1 which is true for the device presented in [9] and [10] , for instance.
With any gain change, a phase change is associated according to the Kramers-Kronig relation. The alpha-factor relates these two quantities in linear approximation, so that we can rewrite the gain with 1, 2 in terms of the single-pass gain and the phase change, respectively,
The first equal sign in (2) relates the gain change averaged over the SOA of length to the amplifier gain . It holds for traveling wave amplifiers, which ideally should be used in the all-optical switches. The second equal sign goes back to the definition of the alpha-factor which is the ratio of the refractive index change and the gain change (3) where is the wavelength of the data signal and the effective refractive index change which determines the total phase change through . The alpha-factor is a material constant depending on the wavelength, the current density, and the material used for the SOA's. We assume that the alpha-factor remains constant for a given operation point. This is reasonable since the devices are operated at a fixed wavelength at gain maximum and the carrier densities are only moderately modulated by the control signals, because we are working with the cross-phase modulation (XPM) effect rather than the cross-gain modulation (XGM) effect [15] . Refined amplifier gain calculations, considering higher order perturbation of strong optical signals, should be performed with a multisection SOA model. However, also in a multisection model, the total phase change and the total gain change obey (2) as long as the alpha-factor remains constant. To calculate with this model we additionally assume that our control signals are long enough (longer than 1 ps in 1.55 InGaAsP) so that intraband relaxation effects, which would modify the value of the alpha-factor, are not involved.
The bar-and cross-output powers of the all-optical switch can now be calculated by evaluating (1) under consideration of (2). It is important to note that the matrix is a transfer matrix for field amplitudes. To obtain relations for the output powers, we have to square the matrix elements of the matrix . Using the definitions for the bar-and cross-output powers given in Fig. 2 , we find for a data signal from input guide 1
and for a data signal from input guide 2 (4b)
where the splitting ratios of the couplers are defined as (6) and the coupling variable is defined as
For convenience we have used the notation with the relative phase shift of the phase in SOA1 with respect to the (8) with analogous definitions for and and with the definition for the phase offset (9)
C. Expressions for the Extinction Ratios
To estimate the quality of the switching process, extinction or on-off ratios are defined. For some applications it is useful to determine the extinction of the signal in the switched-off output port in comparison to the output port guiding the signal. That is the extinction ratio. For other applications it might be more useful to discriminate between the "1" in comparison to the "0" in the output from one port. That is the on-off ratio. Although these two definitions are different, they lead to similar results. In particular, in the case of an ideally high extinction ratio, the on-off ratio is ideally high also. For that reason, we restrict the discussion on the extinction ratios. The expressions of the on-off ratios as well as the differences when working with on-off ratios are given in Appendix A.
In accordance with the upper nomenclature, the extinction ratios in the nonswitched state , in the absence of a control signal (superscript ), and in the switched state , in presence of a control signal (superscript ) are defined as power ratios (10) with being the power in the switched-on output guide and being the power in the switched-off output guide for signals coupled in through input guides 1, 2. In the nonswitched state, the terms in (10) have to be used with 0. Similarly, one has to use (10) with in the switched state.
is positive when the control signal is coupled into SOA1 and is negative when the control signal is coupled into SOA2.
With (4a)- (9), the expressions for the extinction ratios of (10) can now be expressed as a function of the five variables , , and . However, some of the variables depend on each other. We can constrain the space of solutions to such cases that have not only high extinction ratios but also an ideal on-state. This implies (11) and (12) Equation (11) shows that the phase shift induced from the unequally biased SOA's has to be compensated with the phase shifters. Equation (12) expresses the fact that, for switching a MZI, a phase-shift difference of has to be introduced between the two MZI arms. The equations are obtained when maximizing the output powers of the switched-on output guides for signals from input 1 or 2, respectively, with regard to the variable and . With the definition of the extinction ratios of (10) under consideration of the restrictions imposed by (11) and (12), we obtain for a data signal at input guide 1 (upper sign) and those for a data signal at input guide 2 (lower sign) (13a) (13b)
IV. SPECIFIC MZI-SOA IMPLEMENTATIONS
We now discuss three asymmetries that lead to three MZI-SOA all-optical switch configurations with improved or almost ideal extinction ratios (Table I) . We chose the operation conditions such that they are appropriate for applications as add-or drop-multiplexers or add-drop multiplexers.
High-speed add-drop multiplexing with switching speeds as fast as 1 ps has been demonstrated with two optical control pulses consecutively coupled into the two SOA's of the MZI-SOA switch [16] . The method uses a first control signal to switch a data signal from one output guide into the other and a second to reset the switch. When the first control signal is introduced, for example, into SOA1, the device switches due to Fig. 4 . Saturation of the overall gain right after resetting an all-optical switch to the initial state with a second control pulse (Fig. 2) . The first control pulse P C1 is used to switch from the cross into the bar state and the second control signal P C2 is introduced after a time interval to reset the switch. The saturation decreases with increasing alpha-factor. refractive index changes caused by ultrafast carrier depletion in SOA1 from the cross into the bar state. After a time interval corresponding to a bit length or alternatively a package length, the second control signal is introduced in the opposite SOA. This switches the device back to the initial switching state-using again the subpicosecond carrier depletion effect. As the carrier regeneration time is much slower than the time delay between the two control pulses, SOA1 and SOA2 regenerate together up to the initial carrier-injection level until the next switching cycle excites them again.
Subsequently, we discuss the effect of the first control signal. The effect of the second control pulse is briefly discussed here. It mainly resets the phase differences in the MZI so that the all-optical device switches back to the initial state. In addition, the second control pulse saturates the second SOA, so that the overall gain of the data signal is suppressed right after the switching window. The gain saturation depends on the value of the alpha-factor (Fig. 4) . The higher the alphafactor, the smaller the gain saturation. Fig. 4 was obtained by evaluating of (4) for the worst case, where both control pulses are turned on:
. Normally the two control pulses are introduced consecutively so that the carriers regenerate during the time interval and the gain saturation is slightly less severe.
A. All-Optical Switches with Symmetric Splitters
When the splitters and are symmetric-when they have a 50 : 50 splitting ratio, which corresponds in our notation to (14) we can state that the switching characteristic is independent of the input guide that is used. The cross and bar states of a signal from input 1 and the cross and bar states from a signal from input 2 behave alike. This statement holds with and without applied control signal. It even remains valid when the SOA's are unequally biased. To verify the statement, it has to be shown that and when using (14) in (5a)-(5d). Consequently, we will find that 2 2 MZI-SOA add-drop multiplexers are advantageously built with symmetric splitters and . In contrast, 1 2 MZI-SOA add or drop multiplexers can more advantageously be designed with asymmetric splitters.
1) Symmetric Splitters, Equally Biased All-Optical Switch
: Equally biased all-optical 2 2 MZI-SOA switches with symmetric splitters lead to unbalanced extinction ratios (Fig. 1) . It is illustrative to use (13b) to plot the extinction ratios of the switched state as a function of the alpha-factor. The dotted line in Fig. 5(b) shows how the attainable extinction ratio of the state improves with an increasing alpha-factor. For an alpha-factor of 7.4, the extinction ratio of the state is limited to moderately high 13 dB. An alpha-factor of 7.4 corresponds to the experimentally determined static value at the gain maximum of our device presented in Section V.
2) Symmetric Splitters, Unequally Biased All-Optical Switch : The equally biased all-optical switch with symmetric splitters clearly demonstrates the unsatisfactory situation of a switch with only one state (the state) having a good extinction ratio. However, high and balanced extinction ratios can be realized by unequally biasing the SOA's [7] . With (11)-(13b) we are able to determine the operation parameters of the unequally biased switch with balanced extinctions. By requiring we find and (15) which means that an additional current prebias on SOA1-the amplifier guiding the first control signal-has to be applied.
The optimum for the additional gain is reached, when the associated phase shift is /2. To reach high extinction ratios, this induced phase shift has to be compensated with the active phase shifters in accordance with the second equation of (15) .
Attainable extinction ratios as function of the alpha-factor, with unequally biased SOA currents under operation conditions as required by (15) , are given by the solid line of Fig. 5(b) . For an alpha-factor of 7.4, the extinction ratios reach 20 dB for both states. To attain higher extinction ratios with these devices, research will have to focus on materials with larger alpha-factors. The device operates with signals from either one or two inputs.
B. All-Optical Switch with Asymmetric Splitters
Pure add-or drop-multiplexer applications require only 1 2 switches. For such applications (14) is too restrictive. When allowing for asymmetric splitters in combination with unequally biased currents, the extinction ratios can principally be ideal for signals from one of the two inputs.
The operational parameters for this switch are found by requiring that the upper term in the expressions of (13a)-(13b), for example, for a signal from input 1, be zero. Two of the three variables and are used to solve the two equations of the nonswitched and switched extinction states.
In Section IV-B1 we give a device with only one asymmetric splitter and unequally biased currents. This device is simpler in design than the device of Section IV-B2 with two different asymmetric splitters.
1) All-Optical Switch with One Asymmetric Splitter:
The conditions for ideal extinction ratios of a data signal from input 1 with a control signal introduced into SOA1 are due to (13a)-(13b)
For an ideal state (16a) For an ideal state (16b)
Since we only need two variables to solve (16a) and (16b), we can require that splitter is symmetric. This leads us to a device with (17a) (17b) (17c) where corresponds to a simple 50 : 50 splitter. The splitting ratio leads us to an asymmetric splitter. As asymmetric splitters the so-called 2 2 butterfly MMI's as proposed in [14] can be used. They possess the splitting characteristics described by the matrix for the MMI splitter given in (2) . The current bias has to be chosen asymmetrically such that the associated phase shift amounts to and due to (11) an offset phase shift of is needed. In Fig. 6 we show an asymmetrically biased 1 2 all-optical switch with a 50 : 50 splitter and a 40 : 60 splitter. A 40 : 60 splitter has to be chosen due to (17b) for SOA's with an alphafactor of 7.4. On the right side of Fig. 6 we give the design tolerances of the extinction ratios as a function of the alphafactor. For signals from input 1, we find ideal extinction ratios in the nonswitched and switched state around an alpha-factor of 7.4. The extinction ratio degrades when the alpha-factor deviates too much from this value, for which the switch was designed. Using the switch for signals from input 2, the resulting extinction ratios are poor, since the switch can only be optimized for signals from one of both inputs.
We can replace the 2 2-MMI splitter with a 1 2 splitter since input guide 2 is not used. This will allow to drop the offset of the phase shifters. The phase shifter is not needed anymore because the coupling matrix of the 2 2 MMI, given in (2), contains a phase delay between the two splitted signals, which drops with a 1 2 splitter for reasons of symmetry. Therefore, we can rewrite (17c) for the version with a 1 2 splitter (18) A second advantage is worth mentioning. When using for example the 1 2 MMI proposed in [12] instead of a 2 2 MMI splitter, the wavelength bandwidths and fabrication tolerances are much more relaxed, since 1 2 MMI's are shorter than 2 2 MMI's [18] .
2) All-Optical Switch with Two Asymmetric Splitters: A 1 2 multiplexer with ideal extinction ratios and symmetrically biased currents can be derived from (16a) and (16b) by requiring that 0. However, it is found that for obtaining ideal extinctions two asymmetric splitters with unequal splitting ratios are needed
For an alpha-factor of 7.4, the former splitting ratio corresponds to a 60 : 40 splitter and the later corresponds to a 40 : 60 splitter. It is worth mentioning, that the set of variables in (19a) and (19b) not only leads to ideal extinction ratios of , but also of . This version of an all-optical switch with two asymmetric splitters corresponds to the device proposed in [8] . An experimental demonstration was given in [9] .
C. All-Optical Switch with Two Pairs of Asymmetrically Operated SOA's
A 2 2 MZI-SOA all-optical switch with ideal extinction ratios (Fig. 7 ) can be obtained with two sets of amplifiers: SOA and SOA , both having different alpha-factors and . For changing from the nonswitched into the switched state, the two control signals and are simultaneously introduced from the left-hand side into the amplifiers SOA and SOA . The power of the control signals is chosen such that the gain saturation in the two SOA's is identical, but the phase shift induced between the two MZI arms amounts to . This choice is always possible when the two SOA's have different alpha-factors. As a result, the gain in the two MZI arms is symmetric in the nonswitched state but also symmetric in the switched state. To reset the phase difference of in the MZI, similar control signals can be introduced from the right side.
The phase shifts of the two control signals, which are necessary for switching, follow from (13a) and (13b). To find explicit expressions, we have to extend the theory developed for the all-optical switches of Fig. 2 to the case of Fig. 7 . As the new switch has two gain mediums, we have to substitute (20) and (21) The terms with a containing an upper index and are replaced due to their definitions in full analogy. The restrictions (11) and (12) are still valid and must be adapted according to the substitution (20) .
Finally we can rewrite the four conditions for ideal extinction ratios for a signal from input guide 1 and a signal from input guide 2 in the switched and nonswitched states in analogy to those of (16a) and (16b). Solving for this new set of equations leads us to In other words, the all-optical switch with ideal extinction ratios for signals from either input guide has symmetric splitters and [see the discussion of (14)]; both pairs of amplifiers may be symmetrically biased and consequently active phase shifters due to (11) are not needed. With the sign in (12)-an arbitrary choice for introducing the control signal from the left side we find that the control signal powers must be chosen such that they induce the phase shifts given in (24).
A possible realization contains symmetric splitters, equally biased amplifiers SOA having for example alpha-factors of 8, and amplifiers SOA with alpha-factors of 2, such that the control signal introduced through provides phase shifts of and . Although the alpha-factor is a material constant, its value varies considerably within the wavelength spectrum and for different carrier injection levels. Values of 8 and 2 for alpha-factors are reasonable, since this range is covered when shifting the bandgap and/or varying the carrier injection level in amplifiers [17] , [19] . When simultaneously turning on the control signals and , the power in the bar states and switches on and the power in the and switches off, as depicted in Fig. 7(b) . We find ideal extinction ratios for signals from input 1 and input 2. In comparison to the all-optical switch with asymmetric splitters, we have now a device with ideal off-states for all input and output guides. However, the price is a considerably reduced "on" of the bar state.
For obtaining four ideal extinction ratios, it is in principle only necessary to have two unequal SOA's, each with a different alpha-factor. The most simple version would therefore work completely with two amplifiers, one with an alpha-factor on MZI arm 1 and one with an alpha-factor on MZI arm 2. It would, however, be more difficult to adjust offset phases, and unequal carrier relaxation times could degrade the performance.
V. EXPERIMENTS
To demonstrate all-optical switches with optimized extinction ratios, we have realized the MZI-SOA all-optical switch of Fig. 5 . Static and dynamic experiments have been performed. We first verify the improvement of the extinction ratio when going from an all-optical switch with symmetric splitters and equally biased SOA's to an all-optical switch with symmetric splitters and unequally biased SOA's. Second, we show that the "unequally biased" version delivers the predicted high and balanced extinction ratios under dynamic conditions for switching windows of 25 ps. Our device uses 2 2 MMI splitters and with 50 : 50 splitting ratios. The same MMI's are used to couple in a zeroth-order mode optical control signal through the couplers .
The InGaAsP-InP MZI-SOA switches were grown by twostep metal organic vapor phase epitaxy (MOVPE) on (001) InP. The SOA layers with a 0.22-m-thick 1.58-m InGaAsP active layer were grown first. Subsequently, the region outside the 500-m-long SOA areas are etched, followed by a regrowth of the passive waveguide layer (0.6-m-thick 1.28-m InGaAsP followed by a 1.6-m-thick InP cladding). The two different layers are butt coupled [20] . The ridge waveguides were formed by etching 1.7 m into the SOA and waveguide heterostructure. The 2 2 MMI's were etched during the same process step as the waveguides. They have dimensions of 450 m by 17.5 m. A heavily doped InGaAs layer was placed on top of two waveguide sections to provide good contacts with gold pads. These two sections formed the electrooptic phase shifters. The total size of the switch chip is 9 mm 1.3 mm. The waveguide facets were antireflection-coated and the chip thinned to allow high heat dissipation and ease of cleaving.
The improvement toward two high and balanced extinction ratios of an all-optical switch, when gradually moving from the symmetrically biased to the unequally biased operation mode, is given in Fig. 8 . The improvement is due to intentionally reducing the current bias in the SOA that is not influenced by the optical control signal and an adaptation of the phase shifter voltages. Since there exists a relation between asymmetrically biasing the SOA's and the induced phase in the phase shifters, see (9), we express the asymmetry by the reverse voltage applied on the phase shifters. The experiment was carried out under static conditions since that allows for higher measurement precision. The experiment was performed with a CW signal coupled through input guide 2 at 1.58 m with a signal power of 19 dBm. A high-power Fig. 8 . Measured and calculated fiber-to-fiber gain for the all-optical switch given in Fig. 5 demonstrating the improvement toward high and balanced extinction ratios when going from the symmetrically biased operation mode with highly dissimilar extinction ratios (13 and 29 dB) to the unequally biased operation mode with two similar extinction ratios of 20 dB. At an offset voltage of 03 V, the symmetrically biased mode is found for nearly equal SOA1 and SOA2 currents of 192 and 182 mA, respectively. Unequally biasing the SOA's by decreasing the SOA2 current from 182 to 162 mA while compensating the induced phase shift with the active phase shifters leads to the unequally biased operation mode at an offset voltage of V = 7.6 V. X N is the extinction ratio used to calculate the alpha-factor, the only fit parameter of the calculated curves.
distributed feedback (DFB) laser provided a control signal at a wavelength of 1.554 m. It was coupled into SOA1 through the 2 2 MMI . A power of 3.6 dBm, measured in the fiber, was needed to induce a phase shift of . In Fig. 8 we show the measured fiber-to-fiber gains of the bar ( ) and cross state ( ), in the nonswitched state in the absence of a control signal ( ), as well as in the switched state with an applied control signal ( ). The optimal "equally biased" switch state at the right of Fig. 8 is obtained for SOA's with almost equal bias currents of 190 and 182 mA. The difference in the bias currents is due to fabricational inhomogeneities. To reach this optimal state with the smallest possible ), an offset phase correction voltage of 3 V was applied to phase shifter 1. A negative reverse voltage on the axis indicates that phase shifter 1 was in use and a positive reverse voltage shows that phase shifter 2 was used.
We observe how the cross state improves from an unsatisfactory off at 7 dB to an off-state at 14 dB, when decreasing the voltage applied to phase shifter 1 and increasing the voltage applied on phase shifter 2, while asymmetrically decreasing the current through SOA2 such that a minimal is maintained. When the reverse voltage applied to phase shifter 2 reaches 6 V, the extinction ratios of the switched-off state and the switched-on state are similar and the extinction ratio for both states is 20 dB. In this best unequally biased switch state, the SOA2 current has to be set to 160 mA.
We have calculated the gain as a function of induced phase in the phase shifters by using (4b), (11) , and (12) and found an excellent agreement with the measured points (see the drawn lines in Fig. 8 ). The only disagreement between calculated and measured values can be seen in the off state below 20 dB of the bar output
. For output signals as weak as 41 dBm (the input-signal power is 19 dBm and the fiber-to-fiber gain is 22 dB), the amplified spontaneous emission leads to contributions that cannot be neglected.
To compare the experiments with the theoretical curves, we had to relate the applied voltage with the phase shift induced in the phase shifters. Since the voltages applied to the phase shifters are small, we could linearly interpolate the induced phase shifts with the voltage scale [21] . It is worth noting that for fitting all four curves we used only one fitting parameter, namely the alpha-factor, and only one reference point (see Fig. 8 ). This reference point is necessary because coupling losses and induced phase-shift-to-applied voltage characteristics are different for every device and have to be determined experimentally. The alpha-factor was extracted from the measured curves as follows. Experimentally, the extinction ratio (see Fig. 8 ) measured from the point , where the curves of the two offstates are crossing, up to the state can be determined with good accuracy. The extinction ratio , or in other words at the point , is given by (13a). The only unknowns in (13a) are the alpha-factor, which we are looking for, and the phase shift induced by the current asymmetry. But is determined since it is the induced current phase shift, where the two curves of the switched-off states cross. It is found by equating (5a) with (5b). Its value is given by (25) Equations (13a) and (25) then allow to calculate the alphafactor from the measured extinction ratio . It becomes
With an extinction ratio of 20.5 dB, we obtain an alpha-factor of 7.4 0.5. The experiments were performed statically. For very short control pulses, where intraband relaxation times may become important, the alpha-factor must be adapted.
The result of a switching experiment with short optical control pulses is shown in Fig. 9 . The unequally biased alloptical switch was operated with two optical control pulses consecutively coupled into the two SOA's of the MZI-SOA switch. The first control signal was inserted into SOA1, to switch the CW data signal from the cross into the bar output. The second control pulse was inserted with a delay of 25 ps into SOA2 to reset the switch. Balanced opening windows for the bar ( ) and the cross ( ) state with a duration of 25 ps (FWHM) were obtained. The extinction ratio of the opening window is about 16 dB for both states ( and ) . The static value of 20 dB is difficult to attain due to high noise. Some of the noise is due to mechanical instabilities of the measurement bench and some rises from the amplifiers that were used to amplify the output signals in order to provide enough power for the photodiode. For these dynamic experiments we used control pulses with 3-4-ps width (FWHM), 114-MHz repetition rate, and a peak power of 22 dBm, measured in the fiber. The data signal power was increased to 2 dBm to compensate the losses in the wavelength filters and isolators that were needed for the dynamic experiment at the outputs. Clearly visible is the reduction of the overall gain of the signal right after the switching window due to saturation in the SOA's. The saturation is 3.5 dB, which is in good agreement with the value predicted in Fig. 4 for an alpha-factor of 7.4. The inset of Fig. 9 shows the control pulse. The oscillations behind the pulse are the photodiodes ringing. All signals shown in Fig. 9 were taken with a fast photodiode (10-ps rise time) and a 50-GHz sampling oscilloscope.
VI. CONCLUSION
All-optical space switches in MZI configurations with semiconductor optical amplifiers and principally ideal extinction ratios are proposed. It is shown that asymmetries or high alphafactor media are necessary for attaining high extinction ratios. New 1 2 and 2 2 switch configurations are presented. The theoretical predictions are verified and found to be in excellent agreement with experiments for a switch with symmetric MZI splitters in a monolithically integrated InP waveguide version that allows operation with symmetrically or unequally biased SOA's. While symmetrically biased operation of a symmetric all-optical switch achieves unbalanced extinction ratios of 13 and 29 dB, asymmetric operation allows balanced extinction ratios of 20 dB. Extrapolating from experimentally verified theory shows that today's extinction ratio limitations can be extended below 29 dB for both states when at the same time disturbing noise sources are suppressed.
APPENDIX
A. Formulation in Terms of On-Off Ratios
The on-off ratios are defined as the power ratios between the switched-on ( ) and switched-off ( ) signals in the same output guide. In the case of a 2 2 switch we distinguish between the bar and the cross on-off ratios. For a signal introduced at input guide , with 1, 2 we define
Using the definition of the on-off ratios and the restrictions imposed by (11) and (12), we find for a data signal at input 1 (upper sign) and a signal at input 2 (lower sign)
There is no difference in the choice of operation parameters, independent of whether we optimize for on-off or extinction ratios as long as we are looking for ideally high states. For example, the condition for an ideally high bar on-off state and the condition for an ideally high extinction ratio require both that the bar output signal vanishes when no control signal is applied:
. Analogously, the condition of an ideally high cross on-off state and the condition of an ideally high extinction ratio require both that . However, in the case of an all-optical switch with symmetric splitters, it makes a difference whether we require that the two extinction ratios of the two states are identical which means or if we require that . The former condition leads us to set the operation parameters according to (15) but the latter condition requires and (A4)
In the experiment from Fig. 8 , the operation point of identical on-offs can be found for a phase shift offset 71.4 , which is in agreement with (A4). This has to be compared with the operation point of identical extinction ratios which is found at a phase shift offset of 90.0 . Alpha-factors can be extracted from (A3), once is measured. For example, at the symmetrically biased operation point of the symmetric MZI-SOA switch (see Fig. 8 ), (A3) simplifies to which delivers for an on-off ratio of 15.0 dB (found in the experiment of Fig. 8 ) an -factor of 7.2. This is in good agreement with the value of 7.4 found above.
B. Design Tolerances of the Asymmetric Components
For finding the ideal operation points of the unequally biased MZI-SOA all-optical switch (Type A), it may be useful to Fig. 10 . Extinction ratios for different asymmetric splitting ratios of the unequally biased all-optical switch with one asymmetric splitter (Fig. 6) . The x axis gives the bar transmission of the asymmetric splitter. When the alpha-factor is set to 7.4, optimal extinctions are obtained for a 40 : 60 splitter.
Deviations from the 40%, or s = 0.4 bar power transmission value leads to performance losses, as shown by the figure. know the relation between unequally biasing the SOA's and the extinction ratio. This dependency can easily be calculated with (13a)-(13b).
All-optical switches with one or two asymmetric splitters (Type B1 and B2) have restricted design tolerances. Depending on the value of the alpha-factor of the SOA's, the asymmetries in the couplers have to be chosen. So, as the design accuracy of the asymmetry influences the device performance for the obtainable extinction ratios, the design tolerances are of interest. Fig. 10 gives the design tolerances for the asymmetric coupler in the all-optical switch (Type B1) with one asymmetric splitter (see Fig. 6 ). We have plotted the attainable extinction ratios as a function of the bar intensity transmission of the asymmetric splitter with (13a) and (13b). The alpha-factor was set to 7.4. The corresponding appropriate bar transmission intensity with ideal extinctions lies at 0.40. Deviations from these values lead to a degradation of the extinction ratio performance.
Considering the version with two asymmetric splitters, we expect at first glance more restricted design tolerances for the choice of the splitting ratios, since a wrong choice in the asymmetries gives twice rise to losses. However, this point of view is wrong. When the correct splitting ratios are not hit, it is still possible to unequally bias the SOA and balance out the asymmetries in the extinction ratios of the two states. Under consideration of this additional freedom, we find that the 1 2 all-optical switch with one or two asymmetric splitters are absolutely identically critical to deviations from the correct splitting ratio. For this reason, Fig. 10 also shows the attainable extinction ratios for the all-optical switch with two asymmetric splitters as a function of the bar transmission . In the case of the all-optical switch with two asymmetric splitters, one has to set as is suggested by the condition of (19a) and (19b), which requires reciprocity of the splitting ratios. This result can be understood with the analytical expressions that were derived. To get a 1 2 all-optical switch with two good extinction ratios, we need to integrate two of the three available asymmetries ( ). Therefore, the choice of at least one asymmetric splitter is mandatory. For the next asymmetry, we are free to choose any combination between asymmetric splitting ratio and unequally biased SOA's. For the extinction ratios, it makes no difference whether one manipulates the asymmetries in the splitter or unequally biases the SOA currents, since mathematically they are treated alike in the expression of the extinction ratio (13a)-(13b). The wrong choice of the asymmetry in one of both splitters can always be compensated by the freedom to unequally bias the SOA currents.
The design tolerances for the all-optical switch with two pairs of SOA's with different alpha-factors (Type C) are relaxed. From (24) one can derive that two input guides with ideal extinction ratios are feasible, as soon as one has two amplifiers with a different alpha-factor. It is not necessary to hit two determined materials with precise values of alphafactors. Nevertheless, it is useful to have a large contrast in the alpha-factors, because this reduces the necessary phase shift of the control signal for a complete switching. 
